The natural polyamines -putrescine, spermidine, and spermine-are essential for cell growth and dierentiation. Polyamines are involved in several gene regulatory functions, although their mechanism(s) of action has not been elucidated. We investigated the role of polyamines in the function of NF-kB and estrogen receptor-a (ERa), two transcription factors implicated in breast cancer cell proliferation and cell survival, using MCF-7 breast cancer cells. We found that spermine facilitated the binding of ERa and NF-kB to estrogen response element (ERE)-and NF-kB response element (NRE), respectively, and enhanced ERa-mediated transcriptional activation in transient transfection experiments. We also found that the association of the co-regulatory protein CBP/p300 with ERa and NF-kB was increased by spermine treatment of MCF-7 cells. Spermine also increased the nuclear translocation of NF-kB compared to the control. In contrast, treatment of MCF-7 cells with polyamine analogs, BE-3-4-3 and BE-3-3-3, resulted in transcriptional inhibition of both ERE-and NRE-driven reporter plasmids. In addition, polyamine analogs inhibited the association of ERa and NF-kB with CBP/p300 and were unable to facilitate nuclear translocation of NF-kB. APO-BRDU assay demonstrated that polyamine analogs induced apoptosis, with a loss of the anti-apoptotic protein Bcl-2. These data show a gene regulatory function of polyamines involving transcriptional activation of ERa and NF-kB, potentially leading to the up-regulation of genes involved in breast cancer cell proliferation. Our results with BE-3-4-3 and BE-3-3-3 suggest that down-regulation of ERa-and NF-kB-regulated genes is a possible mechanism for the action of polyamine analogs in inducing apoptosis of breast cancer cells. Oncogene (2001) 20, 1715 ± 1729.
Introduction
Polyamines are intracellular polycationic molecules found in all living cells (Pegg and McCann, 1982; Tabor and Tabor, 1984; Thomas and Thomas, 2001) . Polyamine levels are highly regulated by biosynthetic and metabolizing enzymes, and an elevated cellular polyamine concentration has been linked to the initiation and progression of cancer (Hibshoosh et al., 1991; O'Brien et al., 1992; Smith et al., 1998) . Polyamine levels are higher in malignant cells and tumors compared to normal cells and tissues (Canizares et al., 1999; Leveque et al., 1999) . Synthetic polyamine analogs, such as bis(ethyl)polyamines, have been shown to disrupt the natural polyamine pathway and lead to cell/tumor growth inhibition and apoptosis (Porter and Bergeron, 1988; Faaland et al., 2000; Marton and Pegg, 1995; McCloskey et al., 1996) . In certain cell types, polyamine analogs cause a superinduction of spermidine/spermine N 1 -acetyltransferase (SSAT), a polyamine catabolizing enzyme Casero and Pegg, 1993; Ha et al., 1997) . However, SSAT was not superinduced in MCF-7 breast cancer cells (Davidson et al., 1993; Faaland et al., 2000) . Thus, the molecular mechanism(s) of the action of both natural polyamines and their synthetic analogs in cell growth and apoptosis remains to be elucidated.
Polyamines are known to play an important role in the gene regulatory eects of estradiol Thomas et al., 1995; Thomas and Thomas, 1993) , a hormone that has been implicated in the induction and progression of breast cancer. The eects of estradiol are mediated through the estrogen receptors (ERa and ERb), ligand-activated transcription factors that belong to the steroid receptor superfamily (McKenna et al., 1999) . Estradiol bound ER recognizes estrogen response elements (EREs) in the upstream regulatory region of several genes involved in cell proliferation and activates their transcription (MacGregor and Jordan, 1998; McKenna et al., 1999) . ER interactions with several coregulatory proteins are thought to be important in transcriptional activation (Hanstein et al., 1996) . These coactivators act by integrating the sequencespeci®c transcription factors and the basal transcription machinery into a transcription initiation complex (Vanden Berghe et al., 1999) . Coactivators belonging to the CBP/p300 family are also involved in histone acetylation (Berger, 1999; Kuo and Allis, 1998) which disrupts chromatin structure and facilitates transcription. Polyamine biosynthesis inhibitors, di¯uoromethy-lornithine (DFMO) and CGP 48664, disrupted several ER-protein interactions, whereas exogenous spermidine reversed this inhibition, suggesting a speci®c role of polyamines in the interaction of ER with other proteins, including presumably some coactivators . We reported that polyamines can activate NF-kB function in breast cancer cells .
NF-kB belongs to the rel family of transcription factors that include the p65, p50, rel-B, c-rel and p52 proteins Baeurle and Baltimore, 1996; Rayet and Gelinas, 1999) . Aberrant expression of NFkB has been shown to be associated with human breast cancer as well as carcinogen-induced rat mammary tumorigenesis (Nakshatri et al., 1997; Sovak et al., 1997) . In most cell types, NF-kB is a cytoplasmic protein comprised of a heterodimer of p50 and p65 (Rel A) bound to lkBs, a group of inhibitory proteins . However, constitutive activation of NF-kB has been reported in several breast cancer cell lines (Nakshatri et al., 1997; Shah et al., 1999) . Furthermore, recent studies indicate that activation of NF-kB/Rel occurs early during neoplastic transformation of mammary epithelial cells (Kim et al., 2000) and that unique expression pattern of Rel family members exists in human breast tumors (Cogswell et al., 2000) . A typical NF-kB activation pathway involves the stimulus-dependent phosphorylation and degradation of lkB, followed by nuclear translocation of NF-kB which binds to NFkB-response elements (NREs) in the promoter region of several genes involved in cell proliferation (Guttridge et al., 1999; Hinz et al., 1999; Siebenlist et al., 1994) and apoptosis (Grumont et al., 1999; Zong et al., 1999) . Inhibition of NF-kB in NF-kB overexpressing cells leads to apoptosis (Siebenlist et al., 1994) . Overexpression of lkB, or expression of a dominant negative lkB, which does not undergo stimulus-mediated phosphorylation and degradation, was shown to sensitize cells to apoptosis as a result of inhibition of NF-kB activity . We reported that spermine facilitated NF-kB-NRE binding; however, polyamine analogs (see Figure 1 for structure), such as bis(ethyl)spermine and bis(ethyl)-norspermine were less eective than spermine in this process . Spermine was also shown to stimulate NF-kB-mediated transcription in transient transfection assays . De®ning the molecular mechanism(s) of the action of polyamines and their analogs would aid in designing drugs that target speci®c pathways in neoplastic transformation and apoptosis.
Several studies support the requirement of coactivator proteins for ER-and NF-kB-dependent gene expression (Gerritsen et al., 1997; Horwitz et al., 1996; Sheppard et al., 1999) . Coactivators such as steroid receptor-coactivator-1 (SRC-1), or nuclear receptor coactivator-1 (NCoA-1), p300/CBP cointegrator-associated protein (p/CIP), cyclic AMP response element binding protein (CREB)-binding protein (CBP) and its structural homolog, p300 are important in both ERand NF-kB-mediated transcription and are usually present in limiting amounts as compared to the sequence-speci®c transcription factors (Katzenellenbogen et al., 1996; McKenna et al., 1999) . In the present study, we examined the eects of polyamines on the transcriptional activity of ERa and NF-kB, and determined their eect on ERa-CBP/p300 and NFkB-CBP/p300 interactions. Spermine increased the binding of ERa and NF-kB to their respective response elements and induced ERE-mediated transactivation. Using immunoprecipitation, we found a signi®cantly higher association of NF-kB and ERa with CBP/p300 in cells treated with spermine as compared to control, suggesting that the action of spermine in gene transcription may include facilitation of the interaction of ER and NF-kB with coactivators. Polyamine analogs inhibited ERE-and NRE-mediated transcription as well as ER-and NF-kB association with CBP/p300. Polyamine analog treatment also caused MCF-7 cells to undergo apoptosis with a down-regulation of the anti-apoptotic protein, Bcl-2. Thus, our results indicate a mechanistic pathway for the action of polyamines and their analogs in breast cancer cells. 
Results

Effect of polyamines on ER-ERE and NF-kB-NRE binding
Intracellular polyamine levels are estimated to be at the 0.1 ± 2 mM concentrations in mammalian cells, although up to 7 mM is reported in Neurospora crassa (Cohen, 1998; Davis et al., 1992; Pera et al., 1986; Watanabe et al., 1991) . Spermidine and spermine levels were determined to be 1.15 and 0.88 mM concentration, respectively, in rat liver (Igarashi and Kashwagi, 2000) . Pera et al. (1986) , found that putrescine, spermidine, and spermine concentrations in leukemic cells to be 0.47, 5.92 and 2.23 mM, respectively, although plasma concentration were in the range of 0.4 ± 1.5 mM (Delzenne et al., 2000) . Based on these considerations and previous studies (Panagiotidis et al., 1995) , we conducted the present series of experiments using 0.1 ± 2 mM concentrations of natural polyamines. Figure 2A shows the results of a representative electrophoretic mobility shift assay (EMSA) in which human recombinant ERa was incubated with 32 Plabeled ERE in the presence of increasing concentrations of spermine. There was an *2.5-fold increase in ERa-ERE binding at 0.75 mM spermine concentration and a decrease at higher concentrations. Spermidine and putrescine also stimulated ERa-ERE binding (results not shown), but spermine induced maximal eects. Speci®city of ERa-ERE binding was con®rmed by antibody supershift and competition with excess unlabelled wild type or mutant oligonucleotides (results not shown).
As shown in Figure 2B , spermine facilitated the binding of NF-kB from cellular extracts of MCF-7 cells to NRE at all concentrations tested, with a ®vefold increase seen at 0.5 mM concentration. Speci®city of NFkB-NRE binding was con®rmed using antibody supershift assays and competition with excess unlabeled wild type or mutant oligonucleotides . The anti-p50 antibody caused a supershift of the protein-DNA band, and there was a *35% inhibition of protein-DNA binding in the presence of the p65 antibody, suggesting that p50-p65 heterodimer is an important component of the protein-DNA complex. These results show that natural polyamines facilitate protein-DNA interactions involving ERa and NF-kB.
In previous studies, we treated MCF-7 cells with 0.5 ± 2 mM spermine and the cellular extracts were prepared. EMSA was conducted using these cellular extracts for NF-kB to NRE interaction and a signi®cant increase in the formation of protein-DNA complexes was found . In another set of experiments, we treated MCF-7 cells with low concentrations of spermine (5, 10, 25 and 50 mM) for 24 h, and cellular extracts were used for EMSA with ERE and NRE probes. The addition of these low concentrations of spermine to MCF-7 cells did not signi®cantly alter the binding of ER to ERE or NF-kB to NRE (results not shown). Since physiological concentrations are in the millimolar range, these low concentrations of spermine appear to be insucient to enhance protein-DNA interactions. A previous study on the addition of putrescine on the transactivation of ornithine decarboxylase (ODC) gene promoter required 1 ± 5 mM putrescine to obtain a 1.5 ± 2-fold increase in luciferase activity (Bryans et al., 1996) .
Effect of spermine on ERE-mediated gene transcription
To test if spermine-induced activation of ERa-ERE binding corresponds to transcriptional activation in ERa expressing MCF-7 cells, we performed transient transfection experiments using an ERE-driven luciferase reporter plasmid. In these experiments, cells were treated with the indicated concentrations of spermine for 6 h. A renilla luciferase control plasmid was used to normalize the reporter gene activity. As shown in Figure 3 , addition of 4 nM estradiol in the absence of spermine resulted in *threefold increase in transactivation. Spermine (1 mM) caused an approximate twofold increase in estradiol-stimulated transcription. Spermine had very little eect on ERE transactivation in the absence of estradiol. In parallel experiments, we also examined the eect of spermine at 2, 4, 6 and 8 h time points. Eect of 1 mM spermine on EREmediated transactivation was in the range of 1.5 ± 2-fold, with optimal eects seen at the 6 h time point (results not shown). These results show that spermineinduced increase in ERa-ERE binding (Figure 2A ) augments estradiol-mediated transcriptional activation.
In previous studies, we found that spermine activated NF-kB-NRE binding and caused transcriptional activation in MCF-7 cells . In transient transfection experiments using an NF-kB driven SEAP (secreted alkaline phosphatase) reporter plasmid, 0.5 mM spermine induced a *twofold induction in the transcriptional activity of NF-kB promoter as compared to controls .
Effect of spermine on the physical association of CBP/p300 with ERa and NF-kB
We next performed co-immunoprecipitation assays to investigate if the spermine-induced increase in transcriptional activation mediated by ERa and NF-kB included modulation of crucial protein-protein interactions involving CBP/p300. The presence of proteinprotein complexes was detected by sequential immunoprecipitation followed by reciprocal Western blot analysis. As shown in Figure 4 , spermine exerted a concentration-dependent increase of NF-kB association with CBP/p300 and enhanced the binding by * twofold at 2 mM spermine. CBP/p300-ERa association was increased by 3 ± 4-fold at 0.1 ± 2 mM spermine. We note that CBP/p300 expression was not signi®cantly altered by spermine treatment. Similarly, protein levels of p65 and ERa were not signi®cantly altered after treatment with 0.1 ± 1 mM spermine, indicating that the increase in their association was not a consequence of increased protein levels. Membranes from direct Western blot experiments were stripped and reprobed with an anti-b-actin antibody to demonstrate equal protein loading. Control immunoprecipitations using normal IgG followed by Western blots to detect speci®c proteins were conducted, but these blots did not show protein signals (data not shown), indicating Figure 3 Eect of spermine on ERa-mediated transcription of a luciferase reporter gene. Plasmids, pGL3-4(EREc38) and pRL-TK control vector were co-transfected in MCF-7 cells. After 24 h, cells were treated with increasing concentrations of spermine in the absence or presence of 4 nM estradiol. Cells were harvested 6 h after treatment and assayed for luciferase activity. Relative light units (RLU) were normalized for each sample by dividing the ®re¯y luciferase activity by the renilla luciferase activity. Data represent average+s.e.m. from three separate experiments. Statistical signi®cance was determined by ANOVA followed by Tucky's test for signi®cance for spermine and estradiol treatment groups compared to combinations. *Statistically signi®cant from control group (P50.001). {Statistically signi®cant compared to estradiol treatment group (P50.05) the speci®city of the protein-protein interactions during immunoprecipitations. These results demonstrate: (i) CBP/p300-p65 association; (ii) CBP/p300-ERa interaction; and (iii) increased CBP/p300 association with ERa and NF-kB in the presence of spermine in MCF-7 cells. Our results also indicate that spermine-induced changes in ERa interaction with CBP/p300 may occur at concentrations lower than that needed for increased transactivation. Such interactions may have functions during competitive interactions between multiple transcription factors and p300/CBP.
Lack of spermine effect on IkB degradation or NF-kB-IkB association
The pathway of NF-kB activation includes stimulusdependent phosphorylation and degradation of the inhibitory protein, IkB. Therefore, we examined whether the increase in NF-kB transactivation in the presence of spermine was a result of increased IkB degradation. As shown in Figure 5A , spermine treatment did not aect the levels of either IkBa or IkBb, indicating that spermine does not activate NFkB by this pathway.
Increased processing of the p50 precursor protein p105 has also been shown to activate NF-kB (Boland and O'Neil, 1998; MacKichan et al., 1996) . This is observed by the disappearance of the p105 band and an increase in the p50 protein level. As shown in Figure 5B , spermine treatment did not aect the levels of either the p105 or p50 protein. Another nonclassical mode of NF-kB activation involves tyrosine phosphorylation of IkB-a and its dissociation from NF-kB without proteolytic degradation (Imbert et al., 1996) . To examine if spermine induced the dissociation of NF-kB-IkB complexes in the absence of IkB degradation, we immunoprecipitated extracts of cells treated with increasing concentrations of spermine with p65 antibody, followed by immunoblotting with IkBa antibody. As shown in Figure 5C , spermine treatment did not alter the association of NF-kB with IkB. These results suggest the presence of a non-classical mechanism for spermine-induced NF-kB activation.
Effect of spermine on nuclear translocation of NF-kB
Since spermine increased the transactivation of NRE reporter gene and increased NF-kB-NRE binding, we next examined the eect of spermine on nuclear translocation of NF-kB in MCF-7 cells by immunouorescence microscopy using anti-p50 and anti-p65 Figure 4 Eect of spermine on the association of ERa and NFkB with coactivator CBP/p300. Sequential co-immunoprecipitation and Western blot experiments were performed using extracts of MCF-7 cells that had been treated with increasing concentrations of spermine for 6 h. Cellular extracts were immunoprecipitated using anti-CBP/p300 antibody, and Western blotted using either anti-p65, or anti-ERa antibodies as indicated in the ®gure. Western blotting was also performed on the lysates using anti-p65, anti-ERa, anti-CBP/p300, and anti-b-actin antibodies to demonstrate equal protein levels in the treated and untreated groups antibodies. MCF-7 cells were plated in four-chamber slides and allowed to adhere for 48 h. Cells were treated with 0.5 mM spermine for 6 h. Cells were then incubated with either anti-p50 or anti-p65 antibody in normal goat serum, followed by incubation with rhodamine-conjugated anti-IgG antibodies. Figure 6 (A and B) shows little constitutive presence of p50 and p65 subunits of NF-kB in the nucleus of untreated MCF-7 cells. Addition of 5 ng/ml of TNF-a caused intense nuclear staining of p50 and p65 ( Figure 6C and D). Addition of 0.5 mM spermine caused a modest increase in the nuclear staining of p50 and p65 subunits compared to the controls ( Figure 6E and F). However, p50 nuclear staining was non-uniform within the nuclei and with p65, heterogeneity of staining was seen. These dierences in staining pattern is not unusual as nonuniform nuclear staining of NF-kB was reported in rat cardiomyocytes stimulated with angiotensin II (RouetBenzineb et al., 2000) , and heterogenous staining was seen in human vascular smooth muscle cells stimulated with TNF-a (Rauch et al., 2000) . Thus, our results show that the eects of spermine on NF-kB function in MCF-7 cells include increased nuclear translocation, although this eect on p50 is weak compared to TNFa-induced nuclear translocation.
Effect of polyamine analogs on ERE-and NRE-mediated gene transcription
Several synthetic polyamine analogs have antitumor potential; however, their mechanism(s) of action is not clearly understood. Therefore, the next series of experiments were designed to examine the role of polyamine analogs in the transcriptional function of ERa and NF-kB. We examined the eects of BE-3-4-3 and BE-3-3-3 (Figure 1 ), two analogs that are currently undergoing clinical trials (Gabrielson et al., 1999; Sharma et al., 1997) on ERa-and NF-kB-mediated transcription using transient transfection experiments. As shown in Figure 7 , a 24 h treatment of MCF-7 cells with BE-3-3-3 resulted in a signi®cant reduction of EREmediated transcription at all concentrations tested, with
Figure 6 Eect of spermine on nuclear translocation of NF-kB. MCF-7 cells were treated with spermine for 6 h. Immuno¯uor-escence staining was performed using anti-p50 or anti-p65 antibodies, and rhodamine-conjugated secondary antibody to determine the intracellular localization of NF-kB. A (p50) and B (p65) represent control cells, C (p50) and D (p65) represent cells treated with 5 ng/ml TNF-a. E and F represent cells treated with 0.5 mM spermine Figure 7 Eect of polyamine analogs on ERE-and NREmediated transcription of luciferase reporter gene. Plasmids, pGL3-4(EREc38) and pRL-TK control vector, or pNFkB-LUC and pRL-TK control vector were cotransfected in MCF-7 cells. After 24 h, cells were treated with 4 nM estradiol and BE-3-4-3 or BE-3-3-3 at the indicated concentrations. Cells were harvested 24 h after treatment and assayed for luciferase activity. Luciferase activity was normalized for each sample by dividing the ®re¯y luciferase activity by the renilla luciferase activity. Data represent average+s.e.m. from three separate experiments. Eects of polyamine analogs on ERE and NRE transactivations were statistically signi®cant by ANOVA followed by Dunnet's test
Polyamines, NF-kB, and ERa function in breast cancer N Shah et al a 450% reduction at 5 mM concentration. BE-3-4-3 caused a 70% inhibition of ERE-mediated transcription at 5 mM concentration. As shown in Figure 7 , there was a signi®cant reduction in NRE-mediated transcription in the presence of polyamine analogs, with a *50% inhibition at 10 mM of BE-3-3-3 and *35% inhibition at 10 mM BE-3-4-3. Thus, these polyamine analogs were active in inhibiting both ERE-and NRE-promoters, with some structure-dependent dierences in their ecacy. Previous studies from our laboratory and others have shown that these polyamine analogs inhibit cell growth and induce apoptosis over the course of 2 ± 4 days (Davidson et al., 1993; Faaland et al., 2000; Hu and Pegg, 1997) . Thus inhibition of transactivation observed at 24 h preceded eects on cell growth or cell death. These results indicate that the growth inhibitory eects of polyamine analogs might involve the inhibition of transcription of NF-kB-and ERa-regulated genes.
Effect of polyamine analogs on the association of CBP/p300 with ERa and NF-kB
We next examined the eects of polyamine analogs on the association of p65 and ERa with CBP/p300. As shown in Figure 8 , about 50% inhibition was observed in CBP/p300-p65 association by 10 mM BE-3-3-3 treatment at 72 h. BE-3-4-3 and BE-3-3-3 caused complete disruption of CBP/p300-ERa association by 72 h. The p65-p50 heterodimer formation was also signi®cantly inhibited by 72 h treatment with BE-3-3-3 and BE-3-4-3. The levels of ERa, p65 and p50 proteins were unchanged between treatment groups at these time points, suggesting that the apparent decrease in association seen in the immunoprecipitation experiments was not a result of decreased protein levels. Direct Western blots showed that the levels of CBP/ p300 decreased at 72 h, but there was no dierence between control and treatment groups. These results suggest that polyamine analogs may contribute to an inhibition of ERa-and NF-kB mediated transcriptional activation by disrupting their association with coregulatory proteins. However, these eects were prominent only at 72 h of treatment, while inhibition of transactivation was observed by 24 h. The dramatic eects of polyamine analogs on the association of CBP/p300 with ERa and NF-kB may represent eects of these analogs on transcription beyond the typical response of selected enhancers.
Effect of polyamine analogs on NF-kB translocation and apoptosis
In order to determine the eect of BE-3-3-3 and BE-3-4-3 on the intracellular localization of NF-kB, we performed immuno¯uorescence experiments on MCF-7 cells treated with 10 mM BE-3-3-3 or BE-3-4-3 for 6, 24, 48 or 72 h. Figure 9 shows a representative view of cells after 72 h of treatment with the analogs. BE-3-3-3 or BE-3-4-3 did not cause nuclear translocation of either p50 or p65 subunits of NF-kB at any of the time points examined.
We next examined the eects of polyamine analogs on apoptosis. Previous studies by us and other investigators have shown a delayed apoptotic response by polyamine analogs in several cancer cell lines (Faaland et al., 2000; Kramer et al., 1997) . Therefore, we performed experiments after 72 and 96 h of treatment with polyamine analogs. We quantitated apoptotic cells in treated and untreated groups using the APO-BRDU assay kit. In this assay, terminal deoxynucleotidyltransferase (TdT) catalyzes the addition of bromolated deoxyuridine triphosphates (BrdUTP) to the 3'-hydroxyl termini of double-and single-stranded DNA. After incorporation, these sites are identi®ed by¯ow cytometry by staining the cells with a¯uorescein-labeled anti-BrdU monoclonal antibody. Representative views of the cytograms (upper panels) and histograms (lower panels) obtained after treatment with BE-3-3-3 and BE-3-4-3 are shown in Figure 8 Eect of polyamine analogs on the association of ER and NF-kB with their coactivator CBP/p300. Sequential coimmunoprecipitation and Western blot experiments were conducted using extracts of MCF-7 cells treated with either 10 mM BE-3-4-3 or 10 mM BE-3-3-3 for 48 and 72 h. Cellular extracts were immunoprecipitated using anti-CBP/p300 or anti-p65 antibodies and Western blotted using either anti-p65, anti-p50 or anti-ERa antibody as indicated in the ®gure. Western blot was also performed on the lysates using antibodies speci®c to p50, ERa, CBP/p300 and p65
Oncogene Polyamines, NF-kB, and ERa function in breast cancer N Shah et al Figure 10 . Treatment of cells with 10 mM BE-3-3-3 or BE-3-4-3 for 96 h resulted in a signi®cant increase (P50.01, n=3) in the formation of apoptotic cells. The percentage of apoptotic cells were 43.6+2.3% in BE-3-3-3-treated group and 50.2+0.6% in BE-3-4-3-treated group. In untreated cells apoptosis was at 2.1+0.3%. There was only about 10 ± 15% apoptosis after 72 h of treatment (results not shown).
Effects of polyamine analogs on Bcl-2 protein levels
Members of the Bcl-2 family play an important role in regulating cell survival in response to a variety of apoptotic stimuli (Schorr et al., 1999) . Thus, we used Western blot analysis to determine the protein levels of the anti-apoptotic protein Bcl-2, and the pro-apoptotic protein, Bax in MCF-7 cells treated with BE-3-4-3 and BE-3-3-3. As seen in Figure 11 , BE-3-4-3 treatment caused a 25% decrease in Bcl-2 protein at 48 h. However, at 72 h of treatment, BE-3-4-3 and BE-3-3-3 resulted in an almost complete disappearance of the Bcl-2 protein. Levels of Bax were unchanged with polyamine analog treatment at any time point. Thus, the polyamine-analog induced reduction in Bcl-2 levels may partly account for the analog-induced apoptosis, although other proteins regulated by NF-kB or ER are also candidates for the action of polyamine analogs.
Discussion
This study was conducted to examine the mechanisms of ERa and NF-kB activation by polyamines in breast cancer cells. ERa and NF-kB are important regulators of breast cancer cell proliferation and apoptosis. Our results demonstrate that spermine plays a critical role in ERa-ERE and NF-kB-NRE binding as well as ERE-and NRE-mediated transactivation. Spermine signi®cantly increased ERa-ERE and NF-kB-NRE binding by 2.5-and ®vefold, respectively, as compared to controls. Polyamines have been shown to enhance the binding of several gene regulatory proteins, including NF-IL6, USF, Ig/EBP and ERa to DNA (Panagiotidis et al., 1995; Thomas et al., 1995) . In contrast, STAT3 provides an example of a transcription factor binding insensitive to changes in polyamine levels (Desiderio et al., 1999) , while Oct-1 binding to DNA was inhibited by increased polyamines (Panagiotidis et al., 1995) . Synthetic polyamine analogs disrupted ERa and NF-kB transactivation, suggesting a possible pathway for the growth inhibitory and apoptosis-inducing eects of polyamine analogs on breast cancer cells. Thus, an important role of polyamines in the cell might be to regulate the interaction of transcription factors with their response elements.
In transient transfection assays, we reported that spermine stimulated NF-kB-mediated transcription . In the present study, ERa-mediated gene transcription was stimulated in an estradiol dependent manner, with a twofold increase in estradiol-stimulated transcription by 1 mM spermine. Polyamines have been shown to in¯uence the expression of the oncogenes, c-myc and c-fos Bacharach, 1994, 1999) . In the present study, we determined the ratio of the ERE-®re¯y luciferase activity and the control renilla luciferase activity in the presence of spermine, and found that the facilitation of transcription is speci®c and not simply a general eect on transcription, since the renilla luciferase activity was not aected.
It has been reported that elevated cellular polyamines produced by uptake from extracellular sources do not enhance transcription to the same extent as those derived in vivo from ODC overexpression (Bryans et al., 1996) . Thus, the twofold increase we observed in ERE-transcription in the presence of 1 mM spermine may in fact be an underestimation of the eect of polyamines in cancer cells/tumors that already over-produce polyamines. Polyamine levels in human breast tumors are up to ®vefold higher than adjacent Figure 9 Eect of polyamine analogs on nuclear translocation of NF-kB. MCF-7 cells were treated with 10 mM of BE-3-4-3 or BE-3-3-3 for 72 h. Immuno¯uorescence analysis was performed using p50 or p65 antibodies, and rhodamine-conjugated secondary antibody to determine the localization of NF-kB in the cell. A and B, control cells; C and D, cells treated with BE-3-4-3; and E and F cells treated with BE-3-3-3. Similar results were obtained at 6, 24, 48 and 72 h Polyamines, NF-kB, and ERa function in breast cancer N Shah et al normal tissues (Leveque et al., 2000; Canizares et al., 1999) . We previously reported a major increase in polyamine levels in the G1 phase of MCF-7 cell cycle (Thomas and Thomas, 1993) . Furthermore, increased polyamine levels were associated with aggressive forms of breast tumors, as determined by histological grading (Leveque et al., 2000) . Increased activation of NF-kB may contribute to the prevalence of this aggressive phenotype. Although, cellular polyamine levels are in the millimolar range, polyamine analogs have been shown to have antiproliferative and apoptotic eects at 1 ± 10 mM concentrations (McCloskey et al., 1996; Porter et al., 1994) . Furthermore, recent phase I clinical studies indicate that plasma concentrations of 21 ± 25 mM is achievable, consistent with the levels found to exert anti-tumor eects in pre-clinical animal models (Davidson et al., 1999) . Thus results obtained by the addition of millimolar concentrations of spermine in the present study provide signi®cant insights to the physiological function of polyamines and illustrate the modulation of these functions by mM concentrations of polyamine analogs in breast cancer cells. p65 is known to repress ERa-mediated transactivation in transient co-transfection assays and vice versa (Stein and Yang, 1995) . The p65 subunit of NF-kB physically interacts with multiple steroid hormone receptors, and this interaction transrepresses each steroid receptor (McKay and Cidlowski, 1998) . Estradiol and ERa mediate interleukin-6 (IL-6) gene repression, although there is con¯icting data on the ability of ERa to inhibit NF-kB binding to NRE (Galien and Garcia, 1997; Kurebayashi et al., 1997; McKay and Cidlowsky, 1998) . Recently, Nakshatri et al. (1997) found constitutive activation of NF-kB in ERa-negative breast cancer cell lines and breast tumors. Thus, the NF-kB status of a cell has the potential to alter multiple steroid signaling pathways within that cell. An increase in spermine concentration may disrupt the mutually repressive interaction between ERa and NF-kB and consequently increase the activity of these transcription factors.
Increased nuclear expression of NF-kB has been found in several breast cancer cell lines and is thought to lead to constitutive activation of genes involved in cancer cell growth and resistance to chemotherapy (Cusack et al., 2000; Kim et al., 2000; Newton et al., 1999) . It is important to note that stimulus removal is an obligatory step for the inactivation of NF-kB (Krappman and Sheidereit, 1997). In our studies, polyamine analogs inhibited NRE-mediated transactivation. Polyamine analog treatment is also known to inhibit the polyamine biosynthetic enzyme, ornithine decarboxylase (ODC) (Porter et al., 1990) , and induce the polyamine catabolic enzyme, SSAT (Casero and Pegg, 1993; Ha et al., 1997) , thereby reducing the levels of the natural polyamines in the cells. Thus, it is possible that polyamine analogs, by decreasing intracellular spermine levels, inhibit the stimulus for sustained NF-kB activation.
Several nonclassical pathways of NF-kB activation exist. These include dissociation of cytoplasmic complexes containing p105 or p100 (Munoz et al., 1994) , increased processing of the p105 and p100 precursor proteins (Boland and O'Neil, 1998) , and tyrosine phosphorylation of IkBa without proteolytic degradation (Imbert et al., 1996) . Constitutive nuclear location of NF-kB has been shown in some B cell lines without degradation of either IkBa or IkBb (Doerre and Corley, 1999) . In our study, spermine-mediated nuclear translocation of NF-kB was not associated with degradation of IkBa or IkBb proteins, suggesting that spermine does not induce the classical pathway of NFkB activation in MCF-7 cells. We also did not observe an increased processing of the p105 protein or an increase in the dissociation of NF-kB-IkBa complexes in spermine-treated cells, suggesting the presence of a novel mechanism for spermine-induced translocation. The dynamic nature of NF-kB-IkB interaction may allow the dissociation of a fraction of NF-kB (Carlott et al., 2000; Harhaj and Sun, 1999) . It is possible that spermine mediates nuclear translocation of this free cytoplasmic pool of NF-kB. In arterial smooth muscle cells, it was determined that 17% of the cytoplasmic NF-kB remained free from IkB binding, while these cells were in the unstimulated state (Carlott et al., 2000) .
Coactivator-mediated transcriptional activation of ERa has been shown to be estradiol dependent (Hanstein et al., 1996; McKenna et al., 1999) . Spermine facilitated the interaction of NF-kB and ERa with their coactivators. A strong cooperative eect in transcriptional stimulation has been observed between p65 and CBP/p300 (Vanden Berghe, 1999; Zhong et al., 1998) , as well as with estradiol bound ERa and p300 (Hanstein et al., 1996) . In addition to bridging the sequence-speci®c transcription factors with the basal transcriptional machinery (Abraham et al., 1993; Kee et al., 1996) , CBP/p300 has histone acetyltransferase activity, thus enhancing transcription via chromatin remodeling (Ogryzko et al., 1996) . Thus, the increased association of p300/CBP with ERa and NF-kB in the presence of spermine may help transcriptional activation of multiple genes. Polyamine analogs, by inhibiting these protein-protein associations and decreasing cellular polyamine levels (Faaland et al., 2000) , may disrupt the formation of the transcription initiation complex.
Transcription factors can interfere with one another's transcriptional activity by squelching the limited amounts of coactivators (Wadgaonkar et al., 1999) . Spermine may selectively enhance the anity of interactions between coactivators and the transcription factors. Alternatively, polyamines may facilitate simultaneous interaction of ERa and NF-kB with CBP/p300, thus circumventing the need to compete for limited amounts of coactivators for activation of genes such as c-myc and Bcl-2 that are regulated by both ER and NFkB since CBP has separate binding sites for ERa and NF-kB (Gerritsen et al., 1997; Sheppard et al., 1999) . The N-and C-terminal regions of p65 interact with CBP/p300 during transactivation mediated by p65 and the association of CBP/p300 with p65 is sensitive to phosphorylation of p65 (Gerritsen et al., 1997; Zhong et al., 1998) . ERa binding sites have been mapped to the N-terminal 100 amino acids of CBP (Sheppard et al., 1999) . Transactivation through ERa is also sensitive to phosphorylation through MAP kinase (Tremblay et al., 1999) . Thus there are several layers of regulation of ERa and NF-kB functions and polyamine levels constitute one that can be targeted by polyamine analogs.
The uptake of polyamine analogs is through the same transporter proteins as that utilized by the natural polyamines, though a signi®cant lag time is observed in analog uptake in untreated cells as compared to cells depleted of natural polyamines (Hu and Pegg, 1997) . A signi®cant level of BE-3-4-3 uptake occurs in a colon cancer cell line after 24 h of treatment (Berchtold et al., 1998) , where as spermine uptake has been shown to be rapid (Faaland et al., 1995) . Prolonged exposure of breast cancer cells to an unsymmetrical polyamine analog was necessary for the induction of programmed cell death (McClosky et al., 1995) . Thus, a long-term treatment may be necessary to accumulate substantial levels of polyamine analogs and consequently deplete natural polyamines in the cell. In our studies, although transactivation was inhibited by 24 h, major increase in apoptosis levels occurred by 96 h only.
Inhibition of NF-kB has been suggested as a new approach to adjuvant therapy in cancer treatment (Wang et al., 1999) . NF-kB activation induces tran-scription of several anti-apoptotic genes (Chu et al., 1997; Mayo et al., 1997) , whereas NF-kB inhibition enhanced apoptosis (Beg and Baltimore, 1996; . Thus, a possible mechanism for the induction of apoptosis by polyamine analog treatment may be via suppression of NF-kB function and consequent inhibition of anti-apoptotic stimuli. Apoptosis is also controlled by the ratio of the various pro-apoptotic:anti-apoptotic Bcl-2 family members (Reed et al., 1996) . After three days of polyamine analog treatment, we found a nearly complete suppression of the antiapoptotic Bcl-2 protein, although the level of the pro-apoptotic Bax was unchanged. Alteration in the Bcl-2:Bax ratio is sucient to increase apoptosis in breast cancer cells (Zhang et al., 1999) . The Bcl-2 gene is overexpressed in many tumors including breast cancer (Dong et al., 1999) and is up-regulated in response to both estradiol and NF-kB (Huang et al., 1997; Zhang et al., 1998) . Thus, the inhibitory eect of the polyamine analogs on Bcl-2 protein level may involve inhibition of NF-kB and ERamediated transcription.
Despite the demonstration of the protective role of NF-kB in apoptosis in many cell types, NF-kB is known to be an inducer of apoptosis under certain conditions (Matsushita et al., 2000; Ryan et al., 2000) . NF-kB-mediated apoptosis was linked to a suppression of Bcl-2 in endothelial cells (Matsushita et al., 2000) . However, in breast cancer cells, constitutive activation of NF-kB was found during progression of breast cancer cells to hormone independence (Nakshatri et al., 1997) . Recent studies also indicate that NF-kB activation as a major pathway in epidermal growth factor-induced cell cycle progression in ER-negative breast cancer cells (Biswas et al., 2000) . Role of NF-kB in inducing apoptosis or promoting survival appears to depend on cell type and apoptotic stimuli. Although the cellular contexts and pathways that lead NF-kB to exert these paradoxical eects are not completely clear at present, current evidence indicate that NF-kB promotes survival in breast cancer cells.
Our experiments support a model in which a subpopulation of ERa and NF-kB interact directly, and mutually repress each other in the cytoplasm (Figure 12) . In unstimulated MCF-7 cells, ERa has been shown to be present in both the nucleus and the cytoplasm (Schlegel et al., 1999) . The physical interaction involving the DNA binding domain and region D of ERa and the Rel homology domain of NF-kB represses the cellular functions of both transcription factors (Stein and Yang, 1995) . Interaction of p65 with the hormone binding domain of ERa has also been reported (Kurebayashi et al., 1997) . We speculate that in the presence of estradiol, ERa undergoes conformational alterations and dissociates from NF-kB, followed by translocation into the nucleus. Spermine then induces nuclear translocation of NF-kB and enhances binding of NF-kB to NRE and ERa to ERE in the promoter region of NF-kB and estrogen-responsive genes, respectively. Spermine also facilitates the interaction of ERa and NF-kB with the coactivator CBP/ p300 in the nucleus, thus facilitating the formation of a transcription initiation complex. Spermine may facilitate these complex protein-protein interactions involved in transactivation by inducing the recruitment Figure 12 Schematic representation of the proposed model of polyamine action in activating ERa and NF-kB in MCF-7 cells. A subpopulation of unliganded ER and NF-kB may be associated with each other in the cytoplasm as an inactive complex. Estradiol binding causes ERa to undergo conformational alterations which releases NF-kB. Spermine facilitates the nuclear translocation of NF-kB and promotes NF-kB-NRE as well as ERa-ERE binding. Spermine also enhances the association of NF-kB and ERa with coactivator CBP/p300, resulting in enhanced transcriptional activation in the cell Oncogene Polyamines, NF-kB, and ERa function in breast cancer N Shah et al of CBP/p300 to ERa and NF-kB. Polyamine analogs, by disrupting these associations, decrease transactivation. Natural polyamines also promote DNA bending (Feuerstein et al., 1990) , which may bring the sequencespeci®c transcription factors, their coactivators, and the basal transcription machinery in close proximity.
In summary, we have demonstrated that spermine can activate ERa and NF-kB-mediated transcription. Factors that determine gene expression include levels of the transcription factors present, binding anity of the transcription factor to its response element(s) in the upstream regulatory regions of the gene, abundance of coactivators present, and the binding anity of the coactivator to the transcription factor. Immuno¯uor-escence studies showed that spermine induced the nuclear translocation of a subpopulation of NF-kB molecules. EMSA studies demonstrated that spermine enhanced ERa-ERE and NF-kB-NRE binding. Immunoprecipitation studies indicated that spermine enhanced the association of ERa and NF-kB with coactivator CBP/p300. These results allude to a mechanism of spermine action involving increased nuclear levels of NF-kB, and increased ERa and NFkB binding to DNA and to protein components of the transcriptional initiation complex.
Materials and methods
Chemicals and reagents
Putrescine.2HCl, spermidine.3HCl, and spermine.4HCl were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The bis(ethyl)polyamine analogs, 3,7,12,16-tetrazaoctadecane (BE-3-4-3 or bis(ethyl)spermine), and 3,7,11,15-tetrazaheptadecane (BE-3-3-3 or bis(ethyl)norspermine) were synthesized according to previously described methods (Igarashi et al., 1995) . The structures and purity of all polyamine analogs were con®rmed by elemental analysis, NMR, HPLC, and mass spectrometry. Figure 1 shows the chemical structures of the natural and synthetic polyamines used in this study. Polyamine solutions were made in double distilled water and appropriate dilutions were made prior to use. Human recombinant ERa was from Panvera Corp. (Madison, WI, USA). Fetal bovine serum and DMEM were purchased from Sigma Chemical Co. Poly(dl-dC).poly(dl-dC) was purchased from Pharmacia (Piscataway, NJ, USA). Antibodies to p50, p65, and CBP/p300 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and ERa antibody was purchased from Neomarkers (Fremont, CA, USA). Control IgG was obtained from Sigma Chemical Co. The pGL3-4(EREc38) vector containing four head-to-tail tandem copies of double stranded consensus ERE oligonucleotide, called EREc38, with the sequence, 5'-CCAGGTCAGAGT-GACCTGAGCTAAAATAACACATTCAG-3', was cloned into the plasmid pGL3-Promoter (Promega, Madison, WI, USA) as described earlier (Klinge et al., 1997) . The pNF-kBLuciferase and the pRL-TK control vectors were purchased from Clontech Laboratories (La Jolla, CA, USA).
Oligonucleotides
HPLC/PAGE puri®ed oligonucleotides were purchased from Oligos, Etc., Inc. (Wilsonville, OR, USA). The integrity of the oligonucleotides was tested by 5'-end labeling, followed by polyacrylamide gel electrophoresis. A 32 base oligonucleotide containing the consensus NF-kB sequence (NRE) was used for electrophoretic mobility shift assay (EMSA). A 29 base complementary sequence was chosen to allow for ecient end-labeling. A 41 base oligonucleotide containing the consensus ERE with a 38 base complementary sequence was used for EMSA (Thomas et al., , 1997 . The oligonucleotides were dissolved in a buer containing 10 mM Tris.HCl (pH 7.5) and 50 mM NaCl, and dialyzed three times against the same buer before use. Base sequences of the ERE and NRE oligonucleotides used are as follows: ERE: 5'-GATC CAGGTCAG AGTGACCTGAG CTAAAA TAACA-CATTCAG-3', 3'-GGTCCAGTCTCACTGGACTCGATTT-TATTGTGTAAGT-5', NRE: 5'-TTGGCAACGGCAGGG-GAATTCCCCTCTCCTTA-3', 3'-CGTTGCCGTCCCCTT-CCGGGGAGAGGAAT-5'.
Cell culture and treatments
We used ER-positive MCF-7 cells for this study. Cells were maintained in DMEM with 100 mg/ml penicillin, 100 mg/ml streptomycin, 40 mg/ml gentamicin, 2 mg/ml insulin, 0.4 mM sodium pyruvate, 10 mM non-essential amino acids, 4 mM Lglutamine, and 10% fetal bovine serum. Cells were maintained in phenol red-free DMEM for two weeks prior to each experiment to increase estrogen sensitivity (Berthois et al., 1986) . Estradiol (4 nM) was added with spermine or polyamine analogs. Sixty to seventy per cent con¯uent MCF-7 cells were treated with the indicated concentrations of polyamines/analogs and 1 mM aminoguanidine for the appropriate time periods. Aminoguanidine was added to cells along with polyamines in order to inhibit the action of polyamine oxidase in the serum.
Electrophoretic mobility shift assay
EMSA experiments were conducted using MCF-7 cellular extracts or recombinant proteins as previously described . Cellular extracts were ®rst prepared as follows: For EMSA, 10610 7 cells were harvested and sonicated in a buer containing 50 mM Tris.HCl, 1.5 mM EDTA, 50 mM NaCl, 400 mM KCl, 10% glycerol (TEG buer with KCl, pH 7.4) and 1 mM b-mercaptoethanol. Cell lysate was centrifuged at 105 000 6g for 45 min. Protein concentration was determined using the method of Bradford (1976) . The duplex NRE and ERE were labeled with 32 P-g-ATP using a DNA 5'-end labeling kit (Boehringer Mannheim, Indianapolis, IN, USA). About 20 000 ± 30 000 c.p.m. level of 32 P-labeled probe was mixed with 7.5 ml of NF-kB (*25 mg of total protein) or human recombinant ERa. Polyamines and their analogs were incubated with the radiolabeled oligonucleotide for 1 h at 48C. The binding buer was added to the cellular extract or ERa to give a ®nal concentration of 10 mM Tris-HCl, 150 mM KCl, 10% glycerol, 1 mM dithiothreitol and 10 mg/ml of poly(dldC).poly(dl-dC). The NRE/ERE-polyamine mixture was added to the cellular extract and the binding reaction allowed to proceed for 1 h at 48C, and 30 min at 258C, and then loaded on a 6% polyacrylamide gel. Electrophoresis was performed at 200 V for 3 h. The gel was dried and exposed to Kodak Biomax MR-1 ®lm for autoradiography for 24 ± 48 h. Intensity of the DNA-protein band was quanti®ed using a Scanjet¯atbed scanner 4c (Hewlett-Packard), and analysed using NIH Image v1.6 software, using ®lm exposed for 24 h. Experiments using human recombinant ERa were performed in a similar manner, using 500 ng of ER per reaction.
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Transient transfection assay
Cells (6610 4 ) were plated in 24-well culture dishes and allowed to adhere for 48 h. A 10 : 1 ratio of the pGL3-4(EREc38)-luciferase vector and pRLtk control vector were cotransfected using the calcium phosphate mammalian transfection kit, as recommended by the manufacturer (Clontech, Palo Alto, CA, USA). In separate experiments, the pNF-kB-Luciferase vector was used. The pGL3-4(EREc38) vector contains the ®re¯y luciferase reporter gene with four tandem copies of EREc38 sequence that upon ER binding induces transcription of the luciferase reporter. The pNF-kB-LUC contains the ®re¯y luciferase reporter gene with four tandem copies of NRE sequence that upon NF-kB binding induces transcription of the luciferase reporter. The pRL-TK control vector contained the renilla luciferase gene under the control of thymidylate kinase promoter, and served as a control for normalization of transfection eciencies. For transfection, 3 mg of the ERE or NRE plasmid was used per well. At 24 h after transfection, cells were treated in triplicates with the indicated concentrations of polyamines/ analogs and estradiol, and assayed for luciferase activity using the dual luciferase reporter assay system, as recommended by the manufacturer (Promega, Madison, WI, USA). Luciferase activity was detected using a tube luminometer TD-20/20 (Turner Designs, Sunnyvale, CA, USA). Light signals were recorded at 10 s integrals. Reporter activity was normalized for each sample using the following equation:
Normalized luciferase activity Firefly luciferase activityarenilla luciferase activity Immunoprecipitation MCF-7 cells (2610 6 ) were plated in 100 mm dishes. Cells (60 ± 70% con¯uent) were treated with the appropriate concentrations of polyamines/analogs along with 1 mM aminoguanidine and 4 nM estradiol. Cells were harvested and lysed in 0.2 ml of 50 mM Tris.HCl buer (pH 8.0), containing 200 mM NaCl, 0.5% NP-40, 20 mM NaF, 20 mM glycerophosphate, 0.1 mM sodium orthovanadate and 1 mM phenylmethyl sulfonyl¯uoride (PMSF) and 1 mg/ml each of aprotinin, leupeptin and pepstatin (Thomas et al., 1998) . Cells were sonicated and lysates (25 mg) pre-cleared for 60 min at 48C with 50 ml of a 50% suspension of Sepharose CL-4B and 150 ml EB buer (20 mM HEPES, 15 mM MgCl 2 , 20 mM EGTA, 1 mM DTT, 80 mM b-glycerophosphate, 0.2 mM ammonium molybdate, 50 mM NaF, 30 mM pnitrophenyl phosphate and 1 mM sodium vanadate). After centrifugation, the supernate was incubated with 2 mg of the appropriate antibody at 48C for 16 h on a rotating shaker. Twenty-®ve ml of a 50% suspension of protein A-Sepharose was then added and incubation continued for 1 h. Immune complexes were collected by centrifugation followed by washing three times with PBS. Pellets were resuspended in 100 ml of 2X Laemmli buer (150 mM Tris base (pH 6.8), 30% glycerol, 4% SDS, 7.5 mM DTT, 0.01% bromophenol blue), boiled for 5 min and 70 ml loaded on a 10% SDSpolyacrylamide gel and electrophoresed at 200 V for 35 min. The proteins were transferred to PVDF Immobilon membrane (Millipore, Bedford, MA, USA), and probed with the appropriate antibodies. Protein bands were visualized using horseradish peroxidase-labeled secondary antibodies using a chemiluminescence-based detection system. Data presented are representative of 2 ± 3 experiments.
Western blot analysis
Levels of IkB, rel, CBP/p300, as well as Bcl-2 and Bax proteins in polyamine/analog treated MCF-7 cells were determined using Western blots. Cells were lysed in a buer containing 50 mM Tris.HCl (pH, 8), 150 mM NaCl, 50 mM NaF, 1% NP-40, 2 mM EDTA, 100 mM Na 3 VO 4 , and 0.2% SDS. Proteins were denatured and separated in a SDSpolyacrylamide gel (10%) and transferred to PVDF immobilon membrane (Bedford, MA, USA). After incubation with primary and secondary antibodies, blots were developed by chemiluminescence detection technique. Intensity of the protein band was quanti®ed using a Scanjet¯atbed scanner 4c (Hewlett-Packard), and analyzed using NIH Image v1.6 software. Percentage changes cited are the mean of three determinations.
Immunofluorescence MCF-7 cells (25 000) were plated in four-chamber slides (Nalge Nunc International, Naperville, IL, USA) and allowed to adhere for 48 h. Cells were then treated with polyamines/ analogs with estradiol as described earlier. TNF-a treatment was at 5 ng/ml for 6 h. Assay was performed as suggested by the manufacturer (Santa Cruz Biotechnology, Inc.). At the desired time points, media was removed, and cells ®xed in ice-cold 100% methanol for 5 min and dried completely, followed by blocking with 10% normal goat serum in PBS for 1 h. The cells were then incubated with either anti-p50 or anti-p65 antibody diluted in 1.5% normal goat serum in PBS for 1 h, followed by incubation with rhodamine-conjugated anti-rabbit IgG antibody. Slides were then incubated for 20 min in a dark chamber and visualized using a Nikon Eclipse TE200 Microscope with¯uorescence attachment, with an excitation wavelength of 510 ± 560 nm and emission at 590 nm. The images were captured by a`SPOT' Color Digital Camera system with 131561033 pixel array, and analysed with a high-resolution graphics workstation with software supplied by the manufacturer (Nikon).
APO-BRDU assay for apoptosis
MCF-7 cells (2610 6 ) were plated in triplicate in 100 mm dishes and allowed to adhere for 48 h. Cells were then treated with the appropriate concentrations of BE-3-3-3 or BE-3-4-3 and estradiol for 96 h with re-dosing at 48 h. At the indicated time point, cells were harvested in PBS, and ®xed in 1% paraformaldehyde. After two washes in PBS, the cells were resuspended in ethanol and stored at 7208C until further analysis. Percentage apoptosis was determined using the APO-BRDU assay kit from Pharmingen (San Diego, CA, USA). In this assay, the cell pellet was incubated with bromolated deoxyuridine triphosphate (BRDU) and TdT enzyme for 24 h at 228C. BRDU incorporated into the 3'-hydroxyl termini of double-and single-stranded DNA was identi®ed by staining the cells with a¯uorescent labeled anti-BRDU monoclonal antibody using¯ow cytometry (Epics Pro®le II Flow Cytometer, Beckman Coulter, Inc., Fullerton, CA, USA).
Statistical analysis
Statistical signi®cance of dierence between control and treated samples was determined by one way analysis of variance (ANOVA) followed by Dunnet's test or Tucky's test for signi®cance, using GraphPad Prism version 2.0 (GraphPad Software, San Diego, CA, USA). P values 50.05 were considered signi®cant.
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